The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth resources of the Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is an important part of this overall mission.
FOREWORD
The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth resources of the Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is an important part of this overall mission.
One of the greatest challenges faced by waterresources scientists is acquiring reliable information that will guide the use and protection of the Nation's water resources. That challenge is being addressed by Federal, State, interstate, and local water-resource agencies and by many academic institutions. These organizations are collecting water-quality data for a host of purposes that include: compliance with permits and water-supply standards; development of remediation plans for specific contamination problems; operational decisions on industrial, wastewater, or watersupply facilities; and research on factors that affect water quality. An additional need for water-quality information is to provide a basis on which regionaland national-level policy decisions can be based. Wise decisions must be based on sound information. As a society we need to know whether certain types of water-quality problems are isolated or ubiquitous, whether there are significant differences in conditions among regions, whether the conditions are changing over time, and why these conditions change from place to place and over time. The information can be used to help determine the efficacy of existing waterquality policies and to help analysts determine the need for and likely consequences of new policies.
To address these needs, the U.S. Congress appropriated funds in 1986 for the USGS to begin a pilot program in seven project areas to develop and refine the National Water-Quality Assessment (NAWQA) Program. In 1991, the USGS began full implementation of the program. The NAWQA Program builds upon an existing base of water-quality studies of the USGS, as well as those of other Federal, State, and local agencies. The objectives of the NAWQA Program are to:
Describe current water-quality conditions for a large part of the Nation's freshwater streams, rivers, and aquifers.
Describe how water quality is changing over time. Improve understanding of the primary natural and human factors that affect water-quality conditions. This information will help support the development and evaluation of management, regulatory, and monitoring decisions by other Federal, State, and local agencies to protect, use, and enhance water resources.
The goals of the NAWQA Program are being achieved through ongoing and proposed investigations of 60 of the Nation's most important river basins and aquifer systems, which are referred to as study units. These study units are distributed throughout the Nation and cover a diversity of hydrogeologic settings. More than two-thirds of the Nation's freshwater use occurs within the 60 study units and more than twothirds of the people served by public water-supply systems live within their boundaries.
National synthesis of data analysis, based on aggregation of comparable information obtained from the study units, is a major component of the program. This effort focuses on selected water-quality topics using nationally consistent information. Comparative studies will explain differences and similarities in observed water-quality conditions among study areas and will identify changes and trends and their causes. The first topics addressed by the national synthesis are pesticides, nutrients, volatile organic compounds, and aquatic biology. Discussions on these and other waterquality topics will be published in periodic summaries of the quality of the Nation's ground and surface water as the information becomes available.
This report is an element of the comprehensive body of information developed as part of the NAWQA Program. The program depends heavily on the advice, cooperation, and information from many Federal, State, interstate, Tribal, and local agencies and the public. The assistance and suggestions of all are greatly appreciated. 12. Boxplots of concentration of total dissolved solids, by regional aquifer condition, in water from sampled wells. 
Abstract
Ground-water samples were collected during the summer of 1995 from 29 wells in the western part of the Cambrian-Ordovician aquifer in the Western Lake Michigan Drainages study unit of the National-Water Quality Assessment Program. Analyses of ground-water samples from these wells were used to provide an indication of waterquality conditions in this heavily used part of the aquifer.
Ground-water samples from domestic, institutional, and public-supply wells were analyzed for major ions, nutrients, dissolved organic carbon (DOC), pesticides, volatile organic compounds (VOCs), radon-222, and tritium, as well as field measurements of temperature, pH, specific conductance, dissolved oxygen, and bicarbonate. The results of water-quality analyses indicate that the presence of the Maquoketa-Sinnipee confining unit has an important effect on the ground-water quality in the study area. Where the study area is overlain by the confining unit (that is, where it is regionally confined) sampled water was older (based on tritium analyses) and often contained relatively high concentrations of dissolved solids, up to 2,800 mg/L. Additionally, contaminants such as nitrate and pesticides were typically detected at lower concentrations and detected less frequently in samples from the regionally confined part of the study area.
The dominant ions in samples from the study area were calcium, magnesium, and bicarbonate which resulted from the dissolution of carbonate minerals such as dolomite and calcite. Sulfate was also a dominant ion in water from some of the deeper wells in the regionally confined part of the study area.
Radon-222 was detected in all samples and 66 percent (19 of 29) had concentrations that exceed the U.S Environmental Protection Agency (USEPA) proposed maximum concentration level of 300 pCi/L. Concentrations greater than 300 pCi/L were detected in samples from wells throughout most of the study area except the southwest. The higher concentrations were found in samples from a variety of geohydrologic conditions and do not appear to correlate to a particular formation or location.
Dissolved nitrate and ammonium were the most commonly detected nutrients. Dissolved nitrate concentrations were significantly higher in ground-water samples from the regionally unconfined part of the study area. The highest concentrations were detected in samples from the agricultural southwestern part of the study area from relatively shallow wells that produced modern water. Dissolved ammonium concentrations were significantly higher in samples from the regionally confined part of the study area and probably resulted from nitrate reduction.
Seven pesticides or metabolites were detected in ground-water samples, and at least one pesticide was detected in samples from 24 percent (7 of 29) of wells. Most of the pesticides were detected at low concentrations and were from wells in the regionally unconfined, agricultural, southwest part of the study area. Atrazine was the most commonly detected pesticide and was typically detected in samples from wells that produced modern water.
INTRODUCTION
The Western Lake Michigan Drainages study unit of the National Water-Quality Assessment (NAWQA) Program encompasses an area of about 19,900 square miles in eastern Wisconsin and central Upper Michigan ( fig. 1 ). Collection and analysis of ground-water data in the study unit began in 1993. The NAWQA design for examining ground-water quality includes flowpath studies, land-use studies, and studyunit surveys (Gilliom and others, 1995) . Flowpath studies are generally small in scale and are designed to examine ground-water quality along inferred flowpaths and interactions of ground water and surface water. Land-use studies are designed to examine natural and human factors that affect shallow ground-water quality in an area characterized by a specific land use and typically cover an area ranging from several hundred to several thousand square miles. Study-unit surveys are designed to provide an indication of water-quality conditions in the major aquifers or defined hydrogeologic settings in a study unit and typically cover an area ranging from several thousand to tens of thousands of square miles.
The Western Lake Michigan Drainages study unit includes parts of three major aquifers: the Cambrian-Ordovician aquifer; the Silurian-Devonian aquifer; and the Quaternary aquifers. The CambrianOrdovician aquifer underlies the eastern two-thirds of the study unit ( fig. 2 ) and, where it is sufficiently thick, can produce large yields of water; typically 500 to 1,000 gallons per minute to properly constructed wells (Olcott, 1968) . For this reason, it is the most used aquifer in the study unit and accounts for about 40 percent of ground-water use. Because it is the most used aquifer, the Cambrian-Ordovician aquifer was chosen as the first aquifer to be examined as part of the study-unit survey in the Western Lake Michigan Drainages. The western part of the Cambrian-Ordovician aquifer was further targeted for study because few wells exist in the eastern part of the aquifer where it is overlain by the more readily accessible Silurian-Devonian and Quaternary aquifers.
Purpose and Scope
The purpose of this report is to provide an indication of the water-quality conditions in the western part of the Cambrian-Ordovician aquifer in the Western Lake Michigan Drainages NAWQA study unit. Wellwater samples were collected and analyzed to determine the concentrations of major ions, nutrients, dissolved organic carbon (DOC), 85 pesticides or metabolites, 60 volatile organic compounds (VOCs), radon-222, and tritium; field measurements of temperature, pH, specific conductance, dissolved oxygen, and bicarbonate were also collected. The samples were collected between June, 1995 and September, 1995 from 29 existing wells in the western part of the CambrianOrdovician aquifer in eastern Wisconsin and central Upper Michigan.
Interpretations made in this report were based on wells that were randomly located throughout the western part of the Cambrian-Ordovician aquifer. Groundwater quality information from this study and future studies of the other major aquifers will be useful for three purposes: (1) comparing the water quality from similar aquifers in different parts of the country; (2) examining regional differences in the water quality of an aquifer and between the aquifers in the NAWQA study unit; and (3) providing a starting point for examining long-term trends in the water quality of the major aquifers.
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DESCRIPTION OF STUDY AREA
The study area includes the Cambrian-Ordovician aquifer in the Western Lake Michigan Drainages west of the western extent of the Silurian-Devonian aquifer and underlies an area of about 8,100 square miles ( fig. 2) . Land use/land cover overlying the study area [based on Andersen's land-use/land-cover categories (Anderson and others, 1976) ] is mainly forest and forested wetland in the north and agricultural in the south ( fig. 3 ). Forest and forested wetland accounts of the largest percentage of land use/land cover (45 per- Olcott, 1992; Batten and Bradbury, 1996] Crystalline rocks cent) in the study area, followed by agriculture (44 percent), water (4 percent), nonforested wetland (3 percent), and urban (3 percent). Urban land use in the study area is located mainly along the shores of Lake Winnebago and in the lower Fox River valley from Appleton to Green Bay. Most of the larger urban areas in the study area obtain the majority of their water from surface-water sources, such as Lake Winnebago, but some supplement this source with ground water primarily from the Cambrian-Ordovician aquifer.
Geohydrologic Setting
The bedrock units in the vicinity of the study area dip southeast towards Lake Michigan; the oldest rocks subcrop in the northwest and the youngest subcrop in the southeast (fig. 4) . The Cambrian-Ordovician aquifer in the vicinity of the study area consists principally of Cambrian-and Ordovician-age sandstone and dolomite (table 1) . Although some researchers have defined several aquifers within the Cambrian-Ordovician aquifer (Krohelski, 1986; Emmons, 1987; Mandle and Kontis, 1992; and Olcott, 1992) , it is defined as one aquifer for the purposes of this study. The CambrianOrdovician aquifer is underlain by Precambrian-age crystalline rocks which are assumed to be impermeable ( fig. 4 ). In the eastern half of the study area, the Cambrian-Ordovician aquifer is overlain by the Maquoketa-Sinnipee confining unit (figs. 2 and 4) which consists of Ordovician-age shale and dolomite.
In the western half of the study area, the CambrianOrdovician aquifer is overlain by Quaternary-age unconsolidated deposits that vary in texture from sand and gravel to clay. Where the unconsolidated deposits are sufficiently thick and permeable they comprise the Quaternary aquifers ( fig. 4 ). The geology of the area is described in more detail by Krohelski (1986) , Emmons (1987) , Olcott (1992) , Young (1992) , and Batten and Bradbury (1996) .
Where the Cambrian-Ordovician aquifer is overlain by the Maquoketa-Sinnipee confining unit, it is regionally confined. Elsewhere in the study area, the aquifer is unconfined, except locally where it is overlain by fine grained unconsolidated deposits.
Recharge and Flow
Recharge to the Cambrian-Ordovician aquifer is from precipitation and direct infiltration where it is unconfined (Young, 1992, p. 58) . Some recharge to the aquifer can also occur by leakage through the Maquoketa-Sinnipee confining unit (Krohelski, 1986; Young, 1992) . Prior to development as a water source, ground water in the Cambrian-Ordovician aquifer discharged to surface-water bodies. Some ground water also moved along deep, regional flow paths down the structural bedrock dip beneath Lake Michigan. Since, development, ground water also flows toward pumping centers where it is withdrawn. In the western part of the study area, wells that withdraw water from the Cam- brian-Ordovician aquifer are typically shallow and used for domestic purposes. In the eastern part of the study area, deeper, high-capacity wells are common and are concentrated in urban areas. Large cones of depression have developed at some of the major pumping centers such as in the lower Fox River Valley near Green Bay, Wisconsin ( fig. 4 ).
STUDY DESIGN AND METHODS
This study was designed to provide an indication of the water-quality conditions in the western part of the Cambrian-Ordovician aquifer. Sampling locations consist of existing wells which were randomly selected throughout the study area.
Well Selection
Sampling locations were selected from existing wells identified from USGS and Wisconsin Department of Natural Resources (WDNR) digital databases, and Wisconsin Geological and Natural History Survey (WGNHS) and Michigan Department of Natural Resources (MDNR) paper files. All wells considered for sampling were identified as being open to the Cambrian-Ordovician aquifer and used for domestic, institutional, or public-supply purposes.
Potential sampling locations were initially chosen from an area that included all of the CambrianOrdovician aquifer in the Western Lake Michigan Drainages. An attempt was made to choose 30 wells from 1,251 existing wells in USGS and WDNR digital databases using a geographic information system (GlS)-based, stratified-random selection computer program (Scott, 1990) . The computer program divided the entire area into 30 cells of equal area and then randomly chose a sampling location (as well as several alternative locations) from the existing USGS and WNDR sites that fell within a cell. All randomly selected wells were verified, based on driller's or geologic logs, to be open only to the Cambrian-Ordovician aquifer. Many of the cells in the eastern part of the area contained no wells from which to choose and the few cells that did contain potential sampling locations mostly included wells that were open to more than just the Cambrian-Ordovician aquifer. The study area was reduced to the western part of the Cambrian-Ordovician aquifer which was again divided into 30 cells of equal area. Wells randomly selected from the original area and verified to be open only to the CambrianOrdovician aquifer were used in the new area where possible and additional wells were randomly selected in other cells that required potential sampling locations. Cells that still did not contain a well from the USGS or WDNR databases were supplemented with wells identified from WGNHS and MDNR paper files. If a potential sampling location could still not be found for a cell then an additional site was chosen in the closest nearby cell.
Potential sampling locations in each cell were field located and permission to sample was requested. If permission was granted then the well was inspected to determine if it was suitable for sampling. Wells were suitable for sampling if they were flowing or withdrew water using a positive-displacement pump (such as submersible of turbine pumps), and if a sample could be obtained from the discharge line at a point prior to any treatments, pressure tanks, or holding tanks. If permission to sample was not granted or a well was not suitable for sampling then one of the alternative locations for a cell was pursued.
Thirty sampling locations were selected in this manner, however, one of those locations was determined to be outside of the study area and was not included in this report. The resulting distribution of wells covers much of the study area ( fig. 5 ) and includes a variety of land uses and hydrogeologic characteristics.
Well Descriptions
The 29 sampled wells in the study area included 22 domestic, 5 public supply, and 2 institutional wells (table 2). Three of the public supply wells had turbine pumps, and two of the domestic wells were flowing. The remaining wells used submersible pumps to withdraw ground water. Nineteen of 29 wells were open to regionally unconfined parts of the aquifer, and 10 wells were open to regionally confined parts of the aquifer ( fig. 5) . A well was considered regionally confined if the open interval was overlain by the Maquoketa-Sinnipee confining unit. Twenty-five of 29 wells are considered locally confined. A well was considered locally confined if the open interval was overlain by any unconsolidated deposits described as clay or hardpan. The wells range in depth from 31 to 870 ft deep, and water levels ranged from 3 ft above land surface to 196 ft below land surface. All wells were constructed of steel, and most were cased at least to the top of the asaaaaaaaaaa~^-s
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Sample Collection
Wells were sampled according to USGS groundwater sampling protocols (Koterba and others, 1995) . All wells were purged of at least three casing volumes and until the field measurements (temperature, pH, specific conductance, and dissolved oxygen) stabilized for three successive measurements at least five minutes apart. Ground water was sampled from the well using tubing constructed of Teflon 1 and stainless steel connected to a spigot located in the discharge line.
Water samples from flowing wells and from wells with submersible pumps were analyzed for major ions, nutrients, DOC, 85 pesticides or metabolites, 60 VOCs, radon-222, tritium, and field measurements including bicarbonate. For wells with turbine pumps, water samples were analyzed for all constituents, except VOCs. VOCs were not analyzed in water from these wells because VOCs are probably volatilized from a water sample as a result of turbulence and cavitation caused by the turbine pump. A complete list of constituents and contaminants for which water samples were collected, the number of constituents and contamUse of trade names is for identification purposes only and does not constitute an endorsement by the USGS.
inants detected, and the laboratory method detection limit (MDL) for each constituent and contaminant is in appendix I.
Water-Quality Analysis
Samples collected for this study were analyzed at the USGS National Water-Quality Laboratory (NWQL) for inorganic and organic constituents using methods described in table 3. Field measurements of temperature, pH, specific conductance, and dissolved oxygen, were collected using a Hydrolab H20 which was calibrated daily. Field measurements of bicarbonate were determined using the titration method described by Wood (1981) .
Quality control included submitting field blanks, trip blanks, sample replicates, and field-spiked samples for analysis with ground-water samples. Additional quality control included analysis of laboratory surrogate recoveries for pesticides and VOCs in each ground-water sample. Quality-control samples included two field blanks for major ions, nutrients, DOC, pesticides, and VOCs; two VOC trip blanks; four sample replicates for radon; two sample replicates for major ions, nutrients, and DOC; one replicate for pesticides and VOCs; and two field-spiked samples (plus field-spike replicates) for pesticides and VOCs.
Field blanks showed that most constituents in ground-water samples were not contaminated from either the sampling equipment or the cleaning procedure done between sites. However, several nutrients, VOCs, and DOC were detected in field blanks at concentrations greater than one percent of the lowest ground-water sample concentration for that constituent. Dissolved nitrite plus nitrate and dissolved phos-phorus were detected in one field blank at concentrations of 0.05 and 0.02 mg/L, respectively, which were at or just above the respective MDLs. Because of this, concentrations of dissolved nitrite plus nitrate and dissolved phosphorus near the detection limit may be questionable. Three VOCs, benzene, toluene, and xylene, were detected at concentrations near the MDL in one field blank. However, these VOCs were not detected in ground-water samples. Both field blanks had detectable concentrations of DOC that ranged from 0.2 to 4.6 mg/L. The concentration of 4.6 mg/L was higher than all but one of the ground-water sample concentrations for DOC. Even the DOC field blank concentration of 0.2 mg/L was a large percentage of some of the ground-water sample concentrations. The detection of DOC in field blanks may be artifacts of field (sample-collection, processing, and shipping) or laboratory (processing and analysis) methods. Consequently, concentrations of DOC in ground-water samples may be questionable. Trip blanks, for VOCs, showed that samples were not contaminated during transport. Ground-water sample concentrations were not adjusted for measured blank concentrations.
Replicate samples indicated that field and laboratory procedures were consistent. Concentrations from replicate samples were within 10 percent (calculated as the difference between the two measurements divided by the average of the two measurements) for all constituents except dissolved phosphorus and dissolved bromide. The actual difference in concentrations between the replicates for these two constituents was small, 0.01 mg/L for dissolved phosphorus, and 0.02 mg/L for dissolved bromide. However, the measured concentrations were also small which resulted in the large percent difference.
Field-spiked samples and laboratory surrogate recoveries were used to determine the recovery of pesticide and VOC analytes in different ground-water matrices. Acceptable recovery ranges for pesticides are typically from 80 to 120 percent and for VOCs the acceptable range is about 70 to 130 percent. Recoveries of pesticides for one field spike, containing many of the analytes from schedules 2001 and 2010, ranged from 38 to 113 percent, and averaged 89 percent. Two pesticide field spikes, containing many of the analytes from schedules 2050 and 2051, had recoveries that ranged from 15 to 262 percent, and averaged between 71 and 88 percent recovery. Recoveries from field spikes for pesticides that were detected in ground-water samples ranged from 38 to 101 percent. Deethyl atrazine was the only pesticide detected in ground-water samples with less than 80 percent recovery in a spiked sample. Laboratory surrogate recoveries for four pesticides ranged from 71 to 97 percent. Two VOC field spikes had recoveries that ranged from 37 to 76 percent, and averaged between 53 and 60 percent recovery. Only one VOC, methylene chloride, was detected in groundwater samples but was not included in the field-spike mixture. Laboratory surrogate recoveries for three VOCs ranged from 96 to 102 percent.
In general, schedule 2001 and 2010 pesticide spike recoveries were fairly good while recoveries for schedule 2050 and 2051 were often quite poor. VOC spike recoveries were often below the acceptable range. Measured concentrations of pesticides and VOCs in ground-water samples were not changed to reflect the recoveries of the field spikes.
Statistical Analysis
Parametric and nonparametric statistical methods were used to analyze the data collected for this study. A parametric test for comparisons of slope (Iman and Conover, 1983, p. 374 ) was used to determine if a significant difference existed between the regression slope for millimoles of calcium plus magnesium versus millimoles of bicarbonate, as measured in groundwater samples, and the theoretical slope for those same parameters that should result from the dissolution of dolomite and calcite in water. The parametric test was used because residuals from the regression analysis were determined to be normally distributed. Regression analysis and a test of normality were performed using the computer program SAS (SAS, 1989) . In the test for slope, the null hypothesis that the slopes are equal was used.
Boxplots of data were constructed to demonstrate differences between groups of data, such as concentrations of dissolved nitrate from regionally confined and regionally unconfined wells. Boxplots in this report illustrate the 10th, 25th, 50th (median), 75th, and 90th percentiles of the data, as well as values outside of the 10th and 90th percentiles. In order to determine whether any apparent differences shown by the boxplots were statistically significant, the nonparametric Wilcoxon-Mann-Whitney rank sum test (Iman and Conover, 1983, p. 281) was performed using the computer program SAS. The null hypothesis that the mean rank of the data from the two groups are equal was
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used. Estimated values were treated as actual data and values below the detection limit (less than values) were set to a value lower than the lowest measured value above the detection limit (Helsel and Hirsch, 1992, p. 367 ) so that they could be included in nonparametric statistical analyses.
Contingency tables and a nonparametric test for independence (Iman and Conover, 1983 , p. 296) were used to measure the statistical association between factors that could be grouped into categories. For example, a contingency table was used to measure the association between tritium-based recharge date (with the categories of "old" and "modern") and regional aquifer condition (with the categories "regionally confined" and "regionally unconfined"). Percentages of all possible combinations of categories were calculated and a nonparametric test for independence was performed using the computer program SAS to determine if the null hypothesis, that the two categories were independent of each other, were true.
The alpha value used for all statistical tests in this report is 0.05. The probability (or p-value) that observed differences occur by chance are described in the text and shown on each graph. If the p-value is smaller than or equal to the alpha value then the null hypothesis of the test is rejected.
Age-Dating Analysis
Tritium-based ground-water recharge dates were determined by matching the measured tritium concentrations in a sample to a tritium input curve for precipitation (decayed to the sample date using a half-life of 12.43 years). A tritium input curve was developed for precipitation near Madison, Wisconsin, by Bradbury (1991) , and was assumed to be representative of that for the study area. Using this input curve ground-water samples were described as "modern" or "old." For this report, modern refers to water that entered the subsurface after about 1955 and old refers to water that entered the subsurface before about 1955. Using Bradbury's input curve, the cut off point between modern and old water corresponds to about 16 picocuries per liter (pCi/L) or 5 tritium units, where 1 tritium unit equals 3.193 pCi/L (appendix 2c).
GROUND-WATER QUALITY
Ground-water samples were analyzed for inorganic constituents, which include major ions, nutrients, radon-222, and tritium, as well as pH, dissolved oxygen, and bicarbonate, and organic constituents which include DOC, pesticides, and VOCs. Analytical results for constituents that were detected in at least one sample are shown in appendix 2. Some of the constituents collected as part of this study have standards set by the U.S. Environmental Protection Agency (USEPA) and the state of Wisconsin that define limits on the health aspects or aesthetic qualities of drinking water (U.S. Environmental Protection Agency, 1991a Agency, , 1991b Agency, , 1991c and ground water (Wisconsin Department of Natural Resources, 1994) . Some of the USEPA drinking water standards include maximum contaminant levels (MCL), which are health-based and legally enforceable, and secondary maximum contaminant levels (SMCL), which are generally for constituents that can affect the aesthetic qualities of drinking water and are not enforceable. The USEPA has proposed maximum contaminant levels (PMCL) for constituents that may have negative health affects in drinking water. The state of Wisconsin ground-water-quality standards include an enforcement standard (ES) and a preventive action limit (PAL).
The following discussion is limited to the dominant ions, inorganic constituents that exceeded a drinking-water or ground-water-quality standard, nutrients, radon-222, tritium, pH, and dissolved oxygen. Additionally, organic constituents that were detected in ground-water samples will be discussed in the following report section.
Occurrence of Inorganic and Organic Chemicals
The dominant ions in water from wells in the study area were calcium, magnesium, and bicarbonate ( fig. 6 ). Sulfate was also a dominant ion in water samples from three wells. These dominant ions and their ranges in concentration are similar to those described by Kammerer (1981 and 1984) for ground-water samples from the Cambrian-Ordovician aquifer in Wisconsin. They are also similar to the hydrochemical facies described by Siegel (1989) for a previous study of Cambrian-Ordovician aquifer system in the Northern Midwest United States.
Drinking-water standards were exceeded for several inorganic constituents. The USEPA SMCL was exceeded for concentrations of dissolved iron (300 Nutrients were analyzed in samples from all wells. Dissolved ammonium and dissolved nitrite plus nitrate were the two most commonly detected nutrients. Dissolved ammonium was detected in 72 percent Radon-222 was detected in water from all of the sampled wells in the study area, and concentrations ranged from 130 to 1,400 pCi/L which is within the range of previously reported values for ground water in Wisconsin (Warzecha and others, 1995, DeWild and Krohelski, 1994; and Weaver and Bahr, 1991) . Concentrations exceeded the USEPA PMCL of 300 pCi/L, in more than 65 percent (19 of 29) of samples (figs.7 and 9), however, this is not uncommon.
Tritium was analyzed in samples from each well in order to have a rough estimate of the recharge date of the ground water. Tritium was detected in water samples from 27 of 29 sampled wells. Ten of 29 samples contained tritium concentrations above 16 pCi/L and were considered modern water ( fig. 10) .
Measurements of pH were done at all of the sampled wells. Values of pH ranged from 7.0 to 8.1 units but was usually between 7.1 and 7.6. Dissolved oxygen was measured at 28 of 29 wells in the study area, and ranged from0.10 to 9.88 mg/L. Though detected at low concentrations, dissolved oxygen may not have been present in ground-water from wells lOb, 18, 26a, 26b, and 27, where the smell of hydrogen sulfide (HS~) was noticeable during sampling. Hydrogen sulfide is produced under anaerobic conditions which is difficult to confirm with a dissolved oxygen probe.
DOC was analyzed in samples from 28 of 29 wells in the study area. However, as discussed earlier in this report, based on high concentrations of DOC in field blank samples, much of the DOC data may be questionable and will not be discussed further in this report.
Pesticides and some of their metabolites were analyzed in water samples from the 29 wells in the study area. Seven different pesticides or metabolites, including alachlor, atrazine, deethyl atrazine (a metabolite of atrazine), dichlobenil, metolachlor, prometon, and simazine, were detected (table 4), however, only atrazine and deethyl atrazine exceeded a Wisconsin drinking-water standard. Alachlor, atrazine, meto- lachlor, and simazine are some of the most used herbicides in and around the study area and are typically used in agricultural areas where corn, soybeans, and other vegetables are grown. Dichlobenil is a herbicide typically used in cranberry bogs and around woody perennial crops such as Christmas tree farms, fruit orchards, and vineyards. Prometon often is used for industrial purposes as a non-selective herbicide. At least one pesticide was detected in 24 percent (7 of 29) of samples (fig. 11) ; atrazine and deethyl atrazine, the most commonly detected pesticides, were both detected in 21 percent (6 of 29) of samples. Concentrations of atrazine plus deethyl atrazine exceeded the Wisconsin PAL of 0.30 |LLg/L in samples from two wells, and in one sample it exceeded the Wisconsin ES (3.0 |LLg/L). Five different pesticides or metabolites, including alachlor, atrazine, deethyl atrazine, metolachlor, and simazine, were detected in well 4a. VOCs were analyzed in samples from 26 of 29 wells in the study area. The only VOC detected was methylene chloride, which was found in 2 of 26 samples. Methylene chloride is a commonly detected laboratory contaminant (Rose and Schroeder, 1995) . The measured concentrations were at or just above the MDL (0.2 |LLg/L) and may be due to contamination of the sample in the laboratory.
Effects of Geohydrologic Factors and Land Use on Water Quality
Geohydrologic factors and land use can affect the quality of water in the Cambrian-Ordovician aquifer. Geohydrologic factors, such as permeability and rock type, affect ground-water quality by controlling water movement through geologic materials and by controlling what and how much of the geologic material dissolves. Land use can affect ground-water quality when land-use practices contribute to the water chemistry in the underlying aquifer.
The Maquoketa-Sinnipee confining unit is an important geohydrologic factor affecting the groundwater quality in the study area. Ground water removed from the regionally confined part of the study area is typically old water that has traveled a long distance from the recharge area. The long contact time between the water and geologic materials can result in relatively high concentrations of dissolved solids in ground water. The Maquoketa-Sinnipee confining unit can also affect ground-water quality by inhibiting the flow of water that may contain contaminants, such as nitrate and pesticides, from land surface to the CambrianOrdovician aquifer.
Based on tritium analyses, 100 percent (10 of 10) of the regionally confined wells sampled for this study produced old water and 53 percent (10 of 19) of the regionally unconfined wells produced modern water. A nonparametric test of independence using a contingency table showed that the age of water samples was dependent on whether the samples were from regionally confined or regionally unconfined wells (p-value= 0.005). The highest concentrations (greater than 1,000 mg/L) of dissolved solids were in ground-water samples from wells in the regionally confined part of the study area, overall however, concentrations were not significantly different (p-value = 0.333) than those from the regionally unconfined part of the study area ( fig. 12) .
The type of geologic material in the study area can affect which dissolved ions are dominant in ground water. The dominant ions found in most water samples included calcium, magnesium, and bicarbonate. These probably resulted from the dissolution of carbonate minerals such as dolomite and calcite in the aquifer material, and in some places, from dissolution of those minerals in the overlying glacial deposits. The combined dissolution of dolomite [CaMg(CO3)2] and calcite (CaCO3) in near neutral pH conditions, such as those in the study area, should result in a molar ratio of calcium plus magnesium to bicarbonate of 1:2 (Siegel, 1989) . Figure 13 shows that all but three of the samples collected from the Cambrian-Ordovician aquifer plot along a slope (slope = 0.53, r = 0.74, calculated for all but the three outliers) that is not significantly different (p-value=0.33) from the theoretical slope of 1:2 (or 0.5).
The chemical composition of the three samples, which appear to have been less affected by dolomite and calcite dissolution, are from relatively deep, regionally confined wells where sulfate is the dominant anion. Water samples from these three wells had the highest concentrations of sulfate and calcium which may have resulted from the dissolution of a mineral like gypsum (CaSO4 ' 2H2O). The smell of hydrogen sulfide was noticeable in at least one of these samples, and though not measured, may also be a dominant anion. Sulfate from gypsum dissolution could have been reduced under anaerobic conditions to form hydrogen sulfide. Petrographic evidence of gypsum in the Cambrian-Ordovician aquifer, however is lacking Siegel, 1989) . A more likely source of gypsum is the overlying Maquoketa Shale (Weaver and Bahr, 1991) , which is part of the Maquoketa-Sinnipee confining unit. Other possible explanations for the high sulfate concentrations include oxidation of sulfides to sulfate in recharge areas and a regional ground-water flow reversal during Pleistocene glaciations (Weaver and Bahr, 1991) . It has been hypothesized that glacial loadings caused sulfate-rich evaporite brines, in the Michigan Basin (to the east of the study area), to move westward into the Cambrian-Ordovician aquifer (Gilkeson and others, 1983) .
Water samples from many wells in the Cambrian-Ordovician aquifer had relatively high concentrations of dissolved iron (up to 3,200 |ig/L). Ironbearing minerals and compounds are common in the Cambrian-Ordovician aquifer (Siegel, 1989 ), yet concentrations were significantly lower (p-value=0.007) in water samples from regionally unconfined wells than from regionally confined wells ( fig. 14) . Iron is not very soluble under aerobic conditions and the absence of dissolved iron in ground water is typically an indication that the aquifer contains dissolved oxygen (Stumm and Morgan, 1970, p. 545) . Concentrations of dissolved oxygen were typically higher in water samples from regionally unconfined wells ( fig. 15) , however, this difference was not statistically significant (p=0.276).
Radon-222 is a naturally occurring radioactive gas that results from the decay of uranium and it was detected in samples from all wells. Radon-222 concentrations greater than the PMCL (300 pCi/L) in ground water were found in much of the study area except in the southwest (fig. 9 ). The distribution of concentrations above the PMCL is similar to that reported by Warzecha and others (1995) for northeastern Wisconsin. These concentrations do not appear to correlate to a particular formation or location, because they were found in much of the study area under a variety of geohydrologic conditions. Nutrients in ground water can originate from several sources including atmospheric deposition, precipitation, fixation, and dissolution of geologic materials, but elevated concentrations usually are associated with releases from septic systems or agricultural landuse practices that apply fertilizer and manure to the land surface. Nitrate concentrations in the CambrianOrdovician aquifer were significantly higher (p-value=0.006) it is regionally confined ( fig. 16 ). Further, the highest nitrate concentrations (greater than the PAL of 2.0 mg/L) were detected in samples from the southwest part of the study area ( fig. 8 ) where land use is primarily agricultural and surficial deposits are relatively permeable. A retrospective study of nutrient data in the Western Lake Michigan Drainages also indicated high nitrate concentrations in ground water in this area (Robertson and Saad, 1996) . Most of the samples from the Cambrian-Ordovician aquifer study that had high nitrate concentrations were from relatively shallow wells that produced modern water. Nitrate was detected in only 1 of 10 wells in the regionally confined part of the study area even though six of the wells are in areas that include agricultural land use. Concentrations of dissolved ammonium were significantly higher in water samples from regionally confined wells than from regionally unconfined wells ( fig. 17) . The reason for higher concentrations of dissolved ammonium and lower concentrations of dissolved nitrate in samples from the regionally confined part of the study area may be due to reduction of nitrate to ammonium and denitrification. Reduction of nitrate to ammonium and denitrification occur under anaerobic conditions (Korom, 1992) . The median concentration of dissolved oxygen in samples from the regionally confined area was 0.30 mg/L, compared to 2.38 mg/L in the regionally unconfined area ( fig. 15) , however, as mentioned earlier, this difference was not statistically significant.
The pesticides or metabolites detected in water samples from this study do not naturally occur in ground water. These chemicals in ground water primarily result from leaching of pesticides applied or spilled at the land surface. Pesticides are used for different purposes, in all parts of the study area but most of those detected in ground-water samples in the study area are used for agricultural practices. Pesticides or metabolites were detected in water samples from seven wells ( fig. 11 ), and as with high concentrations of nitrate, most of the wells are located in the regionally unconfined, southwestern part of the study area where the land use is primarily agricultural. Most of the samples containing detectable pesticides or metabolites were from wells that produced modern water. Atrazine, for example, was detected in 6 of 29 water samples and five of those samples were of modern water (water that was recharged after about 1955). This follows because atrazine was not registered until 1958 and was not widely used in the study area until the early 1960s ( Wollenhaupt and others, 1990) . The one old water sample that contained atrazine was probably due to mixing of waters of different ages. Any ground-water sample is a composite of water of different ages and it would require only a small amount of modern water, containing atrazine, to be mixed with old water to show detectable concentrations of atrazine without affected the tritium-based recharge date. The concentration of atrazine in the sample of old water was the lowest of any of the detections.
SUMMARY
Ground-water samples were collected during the summer of 1995 from 29 wells in the western part of the Cambrian-Ordovician aquifer in the Western Lake Michigan Drainages. These wells were used to provide an indication of water-quality conditions in this heavily used part of the aquifer.
The results of water-quality analyses indicate that the presence of the Maquoketa-Sinnipee confining unit has an important effect on the ground-water quality in the study area. Where the study area is overlain by the confining unit (that is, where it is regionally confined) sampled water was older (based on tritium analyses) and often contained high concentrations (greater than 1,000 mg/L) of dissolved solids. Additionally, contaminants such as nitrate and pesticides were typically detected at lower concentrations and detected less frequently in samples from the regionally confined part of the study area.
Dissolved nitrate and ammonium were the most commonly detected nutrients. Dissolved nitrate concentrations were significantly higher in ground-water sam- pies from the regionally unconfined part of the study area. The highest concentrations were detected in samples from the agricultural southwestern part of the study area from relatively shallow wells that produced modern water. Dissolved ammonium concentrations were significantly higher in samples from the regionally confined part of the study area and probably resulted from nitrate reduction. Seven pesticides or metabolites were detected in ground-water samples, and at least one pesticide was detected in samples from 24 percent (7 of 29) of wells. Most of the pesticides were detected at low concentrations and were from wells in the regionally unconfined, agricultural, southwest part of the study area. Atrazine was the most commonly detected pesticide and was typically detected in samples from wells that produced modern water. Appendix 2b. Selected water-quality data for sampled wells in the western part of the Cambrian-Ordovician aquifer (5* 
